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Materials/methods: The different lattice constants dq for 
quadratic and dh hexagonal minibeam arrangement are 
calculated under the constraint of a homogeneous dose 
distribution (0.95<D/Dtumor<1.07 [3]) in the same treatment 
volume using equal initial beam sizes. 
For a fictitious tumor in 10-15 cm depth, both minibeam 
scenarios (initial beam size σ=200µm) are simulated and 
normalized to the SOBP depth dose profile of the 
corresponding broad beam irradiation. The resulting depth 
and spatial dose distributions are used to approximate the 
mean cell survival at a tumor dose of 60 Gy for comparison of 
the two minibeam modes and the homogeneous irradiation. 
Results: While homogeneous irradiation leads to significant 
mean cell death, minibeam irradiation spares up to ~85% of 
the healthy tissue, especially in the superficial tissues. 
For a hexagonal alignment, the lattice constants dh can be 
increased by a factor of 1.144 in comparison to the quadratic 
lattice constant dq. This improves tissue sparing additionally 
by a few percent compared to the square arrangement.  
Conclusion: These results confirm again that proton 
minibeam radiotherapy reduces side effects compared to 
conventional broad beam irradiation. A small additional 
positive effect can be achieved by a hexagonal alignment of 
the minibeams instead of the previously used quadratic 
lattice. Nevertheless, both arrangements make minibeam 
radiotherapy an attractive new approach for clinical proton 
and/or heavy ion therapy. 
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Charged Particle Therapy (CPT) is an effective tool for cancer 
treatment that exploits the high localization of the charged 
ions incoming radiation dose deposition to increase the 
cancer cell death induction while sparing the surrounding 
Organs At Risk. Besides protons, currently the most common 
ion beam type in clinical centers, there has been recently a 
growing interest in heavier ions beams (He, C, O) due to their 
increased Radio Biological Effectiveness, reduced multiple 
scattering and Oxygen Enhancement Ratio, in spite of the 
presence of nuclear fragmentation. Online monitoring of the 
deposited dose range, currently missing in clinical practice, 
would substantially improve the CPT Quality Control: the high 
dose deposition conformity requires an improved control of 
the beam settings to avoid any potential harm resulting from 
patient mis-positioning and biological / anatomical changes 
occurred between the CT scan acquisition and the treatment.  
Dose Monitoring in CPT [1] is performed using the secondary 
radiation produced by the interaction of the beam inside the 
patient body. The study and precise characterization of such 
radiation (beta+, prompt gamma, charged fragments) is the 
cornerstone of any R&D activity aiming for online monitoring 
development. In this contribution we present the 
measurements of the secondary radiation generated by He, C 
and O beams of therapeutic energies, impinging on a beam 
stopping PMMA target collected at the Heidelberg Ion-beam 
Therapy center (HIT).  
The experimental setup, as well as the analysis strategies 
will be reviewed. The detected particle fluxes, as a function 
of the emission angle with respect to the beam direction, 
and the spatial emission distributions will be presented and 
compared to other available measurements [2,3,4,5,6]. 
The implications for dose monitoring applications will be 
discussed, in the context of the current (or planned) state-of-
the-art detector solutions. 
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Purpose: Reducing PET scanning times and radiation exposure 
while improving image quality and quantitative accuracy 
requires detectors with better detection efficiency, spatial 
resolution, and time resolution. Digital photon counter (DPC) 
arrays are fully digital, solid-state single-photon sensors. DPC 
arrays are almost transparent to 511 keV gamma quanta, 
opening up new degrees of freedom in PET detector design.  
This work compares the detector performance of monolithic 
LYSO:Ce crystals read out with DPC arrays in so-called dual-
sided readout (DSR) configuration and conventional back-side 
readout (BSR). Moreover, first imaging results are presented 
with BSR monolithic scintillators in a setup representative of 
a 70 cm diameter clinical TOF-PET scanner.  
Materials and Methods: DPC arrays consisting of 8 x 8 DPC 
pixels and having a total area of 32 mm x 32 mm were 
optically coupled to commercially available, standard-grade 
LYSO:Ce crystals having dimensions of 32 mm x 32 mm x 22 
mm. Either a single DPC array was coupled to the 32 mm x 32 
mm back surface of the crystal (BSR configuration) or DPC 
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arrays were coupled to both the front- and back-surfaces of 
the crystal (DSR configuration). The spatial-, time- and 
energy-resolutions of both configurations were measured.  
Furthermore, two detector modules containing 4 BSR 
monolithic scintillator detectors each were mounted in a 
“table-top gantry” setup allowing the emulation of a full PET 
ring of arbitrary diameter using only 2 detectors in a step-
and-shoot acquisition approach. Three-dimensional (3D) 
phantom images were acquired with both of the BSR 
detectors rotating at a radius of 35 cm from the center of the 
field-of-view. 
Results: In conventional BSR configuration, a detector spatial 
resolution of ~1.7 mm FWHM and a DOI resolution of ~3.7 mm 
FWHM was obtained, averaged over the entire detector area. 
In DSR configuration, a spatial resolution of ~1.1 mm FWHM 
was achieved in combination with a depth-of-interaction 
(DOI) resolution of ~2.4 mm FWHM. The energy resolution 
was ~10% in both detectors. The coincidence resolving time 
(CRT) in BSR and DSR configurations were ~215 ps FWHM and 
~147 ps FWHM, respectively.  
Conclusions: Monolithic scintillator detectors based on dSiPMs 
are promising for PET applications in which high spatial 
resolution, TOF resolution, and detection efficiency are 
required, all at the same time. Compared to BSR, the DSR 
configuration significantly improves the time-, spatial- and 
DOI resolutions of the detector. At the conference, first 
images obtained with BSR detectors in a TOF-PET setup 
representative of a 70 cm diameter clinical scanner will be 
presented. 
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Purpose: Proton minibeam radiotherapy aims to minimize 
normal tissue damage in the entrance channel while keeping 
tumor control through a homogeneous tumor dose due to 
channel widening with increasing track length. Side effects of 
proton minibeam irradiation were examined in an in-vivo 
mouse model to account for immune system, vasculature and 
higher complexity. Here, we report on our comparative study 
of minibeam and broad beam irradiation in the ear of Balb/c 
mice, to prove this hypothesis of reduced adverse effects in 
normal tissue. 
Methods: At the ion microprobe SNAKE, 20 MeV protons were 
administered to the right ear of 2-3 months old, female 
Balb/c mice, using an average dose of 60 Gy in a field of 7.2 
x 7.2 mm2 in the central part of the ear, in two irradiation 
modes, homogeneous and minibeams. The 4 x 4 minibeams of 
180 x 180 µm2 size were set in a distance of 1.8 mm, 
resulting in a dose of 6000 Gy in the channels, but with 
negligible dose in between. Inflammatory response, i.e. ear 
swelling and skin reactions were monitored for 90 days 
following irradiation, as well as genetic damage and release 
of inflammatory proteins. 
Results: No ear swelling or other skin reaction was detected 
after the minibeam irradiations, while significant ear swelling 
(up to 4-fold), erythema and desquamation (crust formation) 
developed in homogeneously irradiated ears 3-4 weeks after 
irradiation. Loss of hair follicles was only detected in the 
homogeneously irradiated fields after 4-5 weeks. 
Conclusion: Our results prove that proton minibeam 
radiotherapy leads to reduced side effects compared to 
conventional broad beam irradiation and could become an 
option in clinical proton and/or heavy ion therapy. 
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Purpose: The Local Effect Model (LEM)1,2 and the Giant-Loop 
Binary-Lesion (GLOBLE) model3 both are based on the analysis 
of DSB distribution within the cell nucleus and particularly 
focus on DNA lesion clustering  properties with respect to the 
nanometer level as well as higher-order chromatin structure. 
According to this concept, radiation effects are uniquely 
determined by the number and microscopic spatial 
distribution of DSB. Here we demonstrate that this universal 
concept allows quantitative prediction of a wide variety of 
biological endpoints for different radiation qualities.  
Methods: Clustering on the nanometer level is considered on 
the level of SSB and leads to an increased yield of DSB as a 
consequence of interaction of two SSB induced in the DNA 
within a short distance. Clustering at the micrometer level is 
taken into account by the distinction of two DSB classes, 
depending on the number of DSB induced within chromatin 
loops of about 2 Mbp size: isolated DSB (iDSB) corresponding 
to exactly one DSB/loop, and clustered DSB (cDSB) 
corresponding to more than one DSB/loop. Predictions of 
biological effects are solely based on the yields of iDSB and 
cDSB, respectively.  
Results: For high-LET radiation, the concept allows predicting 
the observed increased relative biological effectiveness (RBE) 
and its dependence on the ion species, LET, dose and cell 
type1,2 based on the knowledge of the corresponding photon 
dose response curves. Furthermore, the two classes of iDSB 
and cDSB can be identified with the two components leading 
to biphasic rejoining kinetics, and the model is able to 
correctly predict the fractions of fast and slow rejoining over 
a wide spectrum of different radiation qualities4.  
For high energetic photon radiation, the concept allows 
explaining the linear quadratic shape of the photon dose 
response curve and predicts a transition to a more linear 
shape at high doses3. The model also correctly reproduces 
dose rate effects after photon irradiation5. Furthermore the 
increased effectiveness of ultrasoft x-rays is predicted by the 
model as a consequence of the increased DSB yield6.  
Finally, based on the cell cycle dependent replication of 
chromatin loops the cell cycle dependent variation of 
radiosensitivity is reproduced. Based on the model 
parameters derived from normal cells, the different cell 
cycle dependent sensitivity of NHEJ-deficient and HR-
deficient cells is predicted by the model7.  
Conclusion: Using the LEM and the GLOBLE model it could be 
shown that the knowledge of the initial spatial DSB 
distribution pattern induced by low- and high-LET radiation 
allows accurate quantitative prediction of radiation effects 
for a wide variety of different radiation qualities and 
biological endpoints. The consistent and simultaneous 
applicability of the model framework to widespread 
radiobiologic phenomena is a strong support for the 
underlying assumptions.  
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